The current understanding of radiation tolerance of Silicon Photomultipliers (SiPMs) is reviewed. Radiation damage in silicon sensors is briefly introduced, surface and bulk effects are separately addressed. Results on the operation of irradiated SiPMs with X-ray, gamma, electron, proton and neutron sources are presented. The most critical effect of radiation on SiPMs is the increase of dark count rate, which makes it impossible to resolve signals generated by a single photon from the noise. Methods to characterize irradiated SiPMs after their single photo-electron resolution is lost are discussed. Due to the important similarity in the operation below the breakdown voltage, also studies on radiation damage of avalanche photo-diodes (APD) are reviewed. Finally, ideas are presented on how to approach the development of radiation hard SiPMs in the future.
Introduction
This paper deals with the effects of radiation damage on SiPMs. As SiPMs detect single charge carriers, radiation damage is a major concern when operating these devices in harsh radiation environments (i.e. CMS and LHCb detectors at LHC, detectors at the proposed International Linear Collider (ILC), detectors for space experiments, etc.). Most of the experiments at lepton colliders or at lower energy machines as well as detectors for space and medical applications will receive fluences below 10 12 particles/cm 2 throughout their lifetime. New detectors for the upgrade of the LHC experiments demand to operate SiPMs up to fluences of ∼10 14 particles/cm 2 . To understand how radiation can affect the operation of a SiPM it is necessary to first inspect its structure. A SiPM is a matrix of avalanche photo-diodes connected in parallel and operated above the breakdown voltage, in Geiger mode. For a detailed description of the working principle of a SiPM we refer the reader to [1] . The single photo-diode will be referred to as pixel of the SiPM. Fig. 1 schematically shows the cross section of two possible implementations of SiPM pixels. The left design is used for instance in the Hamamatsu MPPC, with a depth of the p-epitaxial layer of about 2 µm, corresponding approximately to the thickness of the multiplication region. In the right structure the p-n junction can be less deep and the multiplication region can be as thin as 1 µm or even less for special UV-sensitive designs. In both cases most of the bulk of the silicon material (denoted as "substrate") is not depleted and only a fraction of the electric charges generated in this volume will reach the multiplication region by diffusion. In the following we first give a short summary of the effects of radiation on the silicon crystal, including the effect on the SiO 2 . Then we review radiation damage caused by electromagnetically interacting particles (photons, electrons and positrons) and by hadrons (protons, neutrons) on SiPMs in Sec. 3. In Sec. 4 we discuss radiation damage of Avalanche Photo-Diodes (APD), which have been more extensively studied than SiPMs in the past and may offer important insights for future SiPM studies. Finally, we present in Sec. 5 a summary of the factors limiting SiPM operation in high radiation environment and a list of possible precautions and design considerations when developing a SiPM for these environments. 
Radiation damage of silicon -a short summary
The effect of radiation in silicon detectors below the voltage at which avalanche multiplication becomes significant is very well studied and documented in dozens of books and papers, see for reference [2, 3] . Here we present only a short review aimed to introduce the effects relevant to SiPMs, mainly below the breakdown voltage, V bd . When discussing the effect of radiation to silicon detectors one has to distinguish between two types of damage: Bulk damage due to Non Ionizing Energy Loss (NIEL), and surface damage due to Ionizing Energy Loss (IEL). Table 1 : Kinematic collision properties of 1 MeV particles in Si, from [2] . Energies are in keV.
Radiation damage due to NIEL
Bulk damage is primarily produced by high energy particles (protons, pions, electron and photons) and by neutrons, which can displace atoms out of their lattice site generating crystal defects. The minimum energy transfer required for one silicon atom displacement is ∼25 eV. This Primary Knock-on Atom (PKA) leaves a vacancy in the crystal lattice and relocates itself in a new position as interstitial among other atoms. If the kinetic energy of a PKA is sufficiently high (> 1 keV) it can displace additional atoms leading to the creation of a cluster defect. For PKA energies > 12 keV also multiple-cluster defects can form. Table 1 from Ref. [2] presents the kinematic collision properties of 1 MeV particles in Si, including Si atoms as PKA. T max is the maximum-and T av is the average transferred energy. E min is the minimal energy needed to create a point or cluster defect. Looking at this table, one realizes that 1 MeV electrons will produce point defects but almost no clusters, whereas protons and neutrons can produce both type of defects.
Interstitials and vacancies move inside the lattice and are very mobile above 150 K. Interstitials may annihilate with vacancies at a regular lattice position curing these defects or may diffuse out of the surface. This effect can be enhanced or sped up increasing the sensor temperature for a given time. This procedure is called annealing. Alternatively, dislocated atoms may combine with other defects and form stable secondary defects. These can be combinations of interstitials (I), vacancies (V) with C, O, P atoms, leading to permanent formation or removal of donors and acceptors, e.g.: VP, VO, Divacancy (V2), Trivacancy (V3).
According to the NIEL hypothesis the radiation damage is proportional to the non-ionizing energy loss of the penetrating particles (radiation) and this energy loss is again proportional to the energy used to dislocate lattice atoms (displacement energy). The NIEL hypothesis does not consider atom transformations nor annealing effects and is therefore not exact. Nevertheless, it is common to scale the damage effects of different particles using the NIEL hypothesis. However, different effects (leakage current, doping concentration, charge collection efficiency) require different NIEL coefficients to describe their scaling as a function of fluence. The damage functions for various particle types and energies are discussed in Ref. [3] . It provides a hardness factor κ for each particle type, allowing to compare the damage efficiency of radiation sources with different particles and energy spectra Φ(E).
Macroscopically, the defects generated by radiation in the silicon crystal lead to changes of the detector performance, related to the newly introduced energy levels in the energy gap between valence and conduction band, E g ∼1.12 eV 1 . Depending on the position of the energy level and the capture cross sections, different effects can occur:
• Increase of leakage current: Defects with energy levels close to the middle of the band gap (∼0.56 eV) facilitate the thermal excitation of electrons and holes, increasing the dark current generated by generation-recombination.
• Decrease of signal: Charged defects act as trapping centers. The deep-level ones, far from the band edges have long de-trapping times and release the trapped carriers too late to contribute to the signal formation.
• Change of effective doping density:
Depending on their occupation, defect states contribute to the effective doping, and thus to the electric field in the amplification region. The occupation depends on the density of free charge carriers, on the dark current, and on the distance of the defect state from the band gap. In addition, the radiation removes dopant atoms by nuclear interactions. These effects have an impact on the depletion-and the breakdown voltage. The change of leakage current with particle fluence has been extensively studied, see for instance [4] and references therein. A proportional dependence of the increase of leakage current with fluence has been reported by many authors and it is often described by the damage parameter α = ∆I A·w·Φ eq ∼ 4 · 10 −17 A/cm, with Φ eq being the fluence equivalent to 1 MeV neutrons, and A·w the depleted volume. The damage parameter α is often quoted at 20
• C and after an annealing of 60 minutes at 80
• C, for better comparison. The unwanted increase of leakage current can be mitigated by cooling the detector, or partially recovered by annealing procedures.
To understand the temperature dependence of the leakage current it is necessary to first outline the main contributing mechanisms: the diffusion of minority charge carriers from quasi neutral regions into the depleted region [5, 6] ; the generation of electron-hole pairs due to defects in the depletion region [2] , which are enhanced by a high electric field leading to the mechanism of trap-assisted tunneling or the Poole-Frenkel effect. For higher electric field strengths, direct band-to-band tunneling contributes to the generation of electron-hole pairs, as reported in [7, 8] . Which of the named mechanisms is dominating, depends on the electric field strength and operation temperature. The diffusion and generation currents have the following temperature dependence [9] :
For the activation energy, E a a value of 0.605 eV is found by Chilingarov Ref. [10] , which using the SRH model corresponds to a trap energy E t = E a + E g 2 = 45 meV from mid gap. A practical approximation for the temperature dependence of the leakage current of a diode, in the absence of strong fields, i.e. amplification gain equal to one, is a decrease by a factor 2 for 8 degrees temperature reduction at room temperature.
For electric fields of the order of 10 5 V/cm or higher Eq. 2 needs to be corrected by a trap-assisted tunneling term, I gen+tat . The correction depends on the effective field strength, F e f f and modifies Eq. 2, as
where Γ ≈ is the term defined by Hurkx in Ref. [11] , which accounts for the effects of tunneling.
The band-to-band tunneling current I bbt is independent of T, if the temperature dependence of the band-gap energy is neglected.
For a device operating at gain larger than unity, namely in linear amplification mode (like an APD) or in Geiger mode (like a SiPM), the bulk leakage current is also linearly proportional to the amplification gain.
How temperature affects the operation of SiPMs is exemplary demonstrated in Fig. 3 . Here, the temperature dependence of the DCR of FBK SiPMs is shown using an Arrhenius-like plot. Two regions are clearly separated: at high temperatures (low 1/T ) thermal generation is the dominating mechanism responsible for the dark rate generation. At low temperature DCR saturates and becomes T-independent. The main contribution to DCR originates from tunneling. Two SiPM types are presented in the plot, which differ in the design of the electric field of the multiplication region. For lower electric field value, the magnitude of the tunneling component is highly suppressed. 
Radiation damage due to IEL
Surface damage is primarily produced by photons and charged particles, generating charges in the oxide (SiO 2 ) and at the Si-SiO 2 interface, and interface traps at the Si-SiO 2 interface.
Photons with energies below 300 keV, which is the threshold energy for the formation of defects in the silicon bulk, generate only surface defects. The effects of X-ray radiation damage are reported by Barnaby in Ref [13] and by Oldham in Ref [14] .
In SiO 2 , X-rays produce on average one electron-hole (e-h) pair every 18 eV of deposited energy. Depending on ionization density and electric field, a fraction of the e-h pairs recombine. The remaining charge carriers move in the SiO 2 by diffusion and, if an electric field is present, by drift. Most electrons, due to their high mobility and relatively low trapping probability, leave the SiO 2 . However holes, which move via polaron hopping, are typically captured by deep traps in the SiO 2 or at the Si-SiO 2 interface, where interface traps are mainly formed by the depassivation of dangling bonds, resulting in fixed positive charge states and interface traps. We denote the surface density of oxide charges by N ox , and the density of the Si-SiO 2 interface traps by N it . The interface traps, if exposed to an electric field, act as generation centers for a surface current with density J sur f .
Results on N ox and J sur f from MOS-Capacitors and GateControlled-Diodes produced by different vendors and for different crystal orientations for X-ray doses between 10 kGy and 1 GGy are reported by Klanner [15] and Zhang [16] 2 , respectively. We note that in addition to differences due to technology, the values of N ox and of J sur f at a given dose depend on the value and the orientation of the electric field in the oxide, and that there are significant annealing effects as reported by Fretwurst, Lindstroem and Moll in Refs. [17, 18] . The depleted Si-SiO 2 -interface areas generate surface currents, and therefore a significant increase in dark current below the breakdown voltage. If a fraction of the surface current reaches the amplification region it gets amplified and it increases also the dark-count rate. This however depends on the electric field distribution of the device.
In conclusion, the total dark current I dark of a silicon device is the sum of the surface and the bulk currents. Relevant for SiPMs is to distinguish between the part of current (bulk and part of surface current) that results in a Geiger discharge and the part that does not.
Defect characterization
Various techniques are available for the microscopic investigation of defects in silicon. Often used ones are deep-level transient spectroscopy (DLTS), thermally stimulated current (TSC) techniques and IR-absorption spectroscopy. Some typical re- Figure 4 : Left) TSC spectra for 200 µm thick p-type silicon pad diodes, after 23 MeV proton irradiation (Φ eq = 0.5 · 10 14 cm 2 ) and annealed for 8 minutes at T=80 • C. From Ref. [19] . Right) TSC spectra, after irradiation by electrons and normalized to Φ eq = 10 14 cm 2 , and annealed for 30 min at at T=80 • C. The xaxis of the plots can be converted in energy from the conduction or valence band depending on the type of defect. High temperatures correspond to energies with large distance from the bands, i.e. close to mid gap energy. From Ref. [20] .
sults of defect spectroscopy on irradiated silicon diodes are shown in Fig. 4 . The peaks in the spectrum correspond to specific electrically charged defects in the silicon band gap. The left plot compares the defects generated by proton irradiation in silicon materials (Magnetic Czochralski and Float-Zone). The right plot shows defects generated in a silicon diode irradiated with electrons of various energies. In Ref. [19] a correlation between the leakage current and the concentrations of three deep defects close to mid-gap (V 2 , V 3 and H(220K)) is reported; and changes in the space charge in p-type sensors are correlated to the concentration of the donor E(30K), the acceptor BiOi, and of the three main deep acceptors (H(116K), H(140K) and H(152K)).
These techniques have been tested also on SiPMs. Due to large capacitance and high dopant concentration DLTS and TSC are not applicable for SiPMs. The An interesting study of the position dependence of radiation damage in SiPM pixels has been presented by Barnyakov in Ref. [21] . The authors have investigated the radiation damage of digital SiPMs exposed to 800 MeV protons. In a digital SiPM, the DCR of every individual cell can be monitored separately, such that it is possible to generate plots like Fig. 5 where the DCR of single cells as function of the number of beam protons is shown. The step-like increase of the DCR indicates that a single interaction of a proton with a Si atom may result in a drastic DCR increase and that the increase may differ by orders of magnitude for each proton interaction. Most likely this effect is linked to the formation of cluster-like defects in one pixel. An elegant way to visualize the effect of radiation damage is to observe the light emission in the dark from a SiPM biased above breakdown. This is based on the phenomenon that every Geiger discharge emits a certain number of optical and IR photons produced in the high field region 3 . For randomly distributed DCR on the SiPM volume, the light emission is expected to be homogeneous. In the case of local defects in silicon, hotspots can form, which are more likely to generate Geiger avalanches in the dark.
higher fluences the trap concentration may reach a measurable level. Still the very high current is a limit for DLTS application, while the very small depleted volume may be a limit for TSC applications. This still has to be verified experimentally. 3 The phenomenon of the emission of light with energies larger than 1.12 eV (the band gap energy in silicon) from a p-n junction operated above breakdown voltage was first observed by Newman [22] , then quantified by Lacaita, Zappa and Bigliardi, [23] to produce in average 3·10 −5 photons per charge carrier crossing the junction. The dominant production mechanism is bremsstrahlung, but other effects also contribute. Figure 6 : Light intensity images for a non-irradiated (a) and a neutron irradiated SiPM test structure, operated at ∆V = 4 V. The irradiated SiPM was exposed to Φ eq = 10 10 cm −2 and no annealing was applied. The effect of radiation in increasing the number of hot-spots is evident in these images. From [24] . [24] , demonstrates very clearly the increase in the number of hot-spots due to the effects of radiation. A SiPM exposed to Φ eq = 10 10 cm −2 is compared to a non-irradiated device of the same type. The color scale indicates the intensity of the light emitted. It can be seen that the light intensity emitted 4 by the neutron induced defects ( Fig. 6b ) is about two orders of magnitude larger than for ion implantation induced defects visible in the non-irradiated sample (Fig. 6a) . From this result the author concludes that the dark count rate generated by neutron induced crystal defects is two orders of magnitude larger than the dark count rate generated by implantation defects. However, one has to consider that the implantation defects are evaluated after an annealing process, whereas the neutron defects are evaluated without a significant annealing.
Annealing of radiation damage (defect kinetics)
As discussed the reverse current of a diode without gain increases proportionally to the fluence of non-ionizing radiation. To compare data, the damage parameter α is normalized to a given temperature (usually 20
• C). It is observed in Refs. [4, 18] that α can be reduced by annealing, an effect which is referred to as beneficial annealing. Fig. 7 demonstrates that a factor 2-3 reduction of α, and therefore of the leakage current of an irradiated diode, is attainable after 830 hours at 60
• C. Permanent damage will not be cured by this procedure such that the leakage current level of the diode before irradiation can not be fully recovered. Figure 7 : Annealing function of current-related damage parameter α for standard (solid line) and DOFZ (dots) silicon detectors, taken from [3] .
A recommendation from Lindstroem [3] for the comparison of radiation damage effects of various devices is to perform an annealing of 80 min at 60
• C (or equivalently 10 min at 80
• C) to have results with little dependence on the detailed temperature history after the irradiation.
Radiation damage of Silicon Photomultipliers
Effects of radiation damage in silicon have been introduced in Sec. 2. The main macroscopic effect in SiPMs reported in several studies is the significant increase of dark current (I dark ) below and above breakdown. For SiPM operation this translates in an increase of dark count rate (DCR). The scaling of I dark and DCR, with particle type, energy and irradiation fluence is not yet well documented. Some examples from literature are reported in the following. Fig. 8 shows an example of current-voltage curves for a SiPM irradiated with neutrons, and operated at -30
• C. In the region of unit gain (V ∼ 5 V) the dark current increases by about three orders of magnitude after Φ eq = 5 · 10 14 cm −2 , whereas above breakdown voltage the increase is more than six orders of magnitude. For too high overvoltages the measurements at the highest fluences are affected by saturation due to the current limit of the power supply. Another major effect of radiation on SiPM is the loss of single photon counting resolution due to the noise increase. This effect is reported in all studies dealing with bulk damage in SiPMs, and occurs at different fluences depending on the SiPM design, operating temperature, type of irradiation, and other parameters. It is safe to state that between Φ eq = 10 9 − 10 10 cm −2 , all SiPMs lose single photon counting resolution when operated at room temperature. Fig. 9 shows an example of a pulse-height spectrum for a SiPM before irradiation in which the photo-electron peaks are resolved. In the spectrum after Φ eq = 10 9 cm −2 , the photo-electron peaks are no longer resolved at room temperature. Tsang and co-authors demonstrate in Ref. [26] that the same SiPM cooled at 84 K still resolves single photons. Another example is given in Fig. 10 . The top plot compares waveforms acquired in the dark with a KETEK SiPM operated at -30
• C. The single photo-electron peak visible before irradiation (blue curve) cannot be resolved in the noisy baseline after neutron irradiation to Φ eq = 10 13 cm −2 . The bottom plot demonstrates that the device is still a functional photo-detector for larger light intensity.
For the characterization of SiPMs this implies that when the single photon resolution is lost, new methods need to be applied to extract the SiPM characteristic parameters, e.g. gain, DCR, correlated noise, PDE, etc... 5 . A straight forward method allowing to investigate possible changes in the product of the factors contributing to the SiPM response is to plot the normalized ratio of photo-currents 6 before (Φ = 0) and after (Φ) irradiation [28] .
The ratio of normalized photo-currents is defined as:
with the Excess Charge Factor (ECF) defined as the ratio between the mean values of measured N pe and primary produced Geiger avalanches, N pG :
where it is assumed that the number of primary produced avalanches follows the same distribution as the impinging light, and that the light source emission follows a Poisson distribution. The photo-current is normalized to its value, I photo = q 0 N γ M QE, at V << V bd where the amplification gain can be considered M ≈ 1. A value of R = 1 for V V bd confirms that the product of amplification factor and quantum efficiency (M QE) of the SiPM is unchanged after irradiation. For V > V bd a value R = 1 indicates that the product of gain, correlated noise, and PDE is not changed after irradiation. Any deviation from R = 1 indicates that one or more of these parameters are affected (an example of such result is discussed in Sec. 3.3). Fig. 11 shows R for a KETEK SiPM irradiated with neutrons to Φ eq = 10 12 cm −2 , and operated at -30 • C. R agrees well with unity below breakdown and above breakdown is at most 7% higher than unity. This suggests that after irradiation the product G Φ ECF Φ PDE Φ has not changed by more than 7% with respect to the original value. This and other observations discussed in Sec. 3.3 suggested to split the discussion of bulk damaged SiPM in two fluence regions: Medium-fluence irradiations, for which the values of G, ECF, PDE can be assumed not to change, and high-fluence irradiation for which the Figure 11 : The normalized LED photo-current of a non-irradiated SiPM and a SiPM irradiated to Φ eq = 10 12 cm −2 , taken from Ref. [28] . Although the normalized photo-current spans five orders of magnitude, the ratio of the measurements before and after irradiation shows a variation of less than 7%. changes in these SiPM parameters must be taken into consideration in the interpretation of results.
In the following discussion we present studies of radiation damage on SiPMs separated in: Surface radiation damage, induced by X-ray irradiations (Sec. 3.1), and bulk radiation damage, induced by high-energetic electrons and gammas (Sec. 3.2), or by protons and neutrons (Sec. 3.3). It should be noted that aside of the latter all other particle types induce both surface and bulk damage in SiPMs, but the separation of these effects is not further discussed.
Surface radiation damage -X-ray photons
Electrons and photon with energies below the threshold for bulk defects (∼300 keV) generate only defects in the dielectrics, at the Si-SiO 2 interface and at the interface between dielectrics. About ∼18 eV are required to generate an e-h pair in SiO 2 . This is the typical case for X-ray irradiation where photon energies are usually in the range <100 keV. Details of the expected surface damage effects are discussed in Sec. 2.2.
The SiPM electric parameters (R q , C pix , τ) are extracted from measurements of current-voltage, and capacitance/conductance-voltage for frequencies between 100 Hz and 2 MHz just below V bd . Breakdown voltage, gain, dark-count rate, cross-talk probability and pulse shape above the breakdown voltage are also investigated. The values of pixel capacitance and quenching resistor do not alter after irradiation. Their product τ RC = C pix R q defines the pixel recovery time. This quantity is compared to τ exp extracted as exponential slope of the signal from current transients. For this device the two definitions of τ are found to agree within experimental errors.
After 20 MGy the current below V bd increases by three orders of magnitude compared to the value before irradiation. This effect is ascribed to an increase of the surface-generation current from the Si-SiO 2 interface. The same increase is also visible in the current above breakdown, whereas the dark-count rate increases only by an order of magnitude at the same dose. The difference between dark-current and dark-count rate increase indicates that the large fraction of the current is not amplified in the multiplication region. These studies indicate that when developing SiPMs for applications in high dose X-ray environment, one must pay attention to the surface design, to minimize the increase of surface current due to radiation and to prevent that the surface current reaches the multiplication region.
Bulk radiation damage -electrons and gammas
SiPMs exposed to 60 Co gamma irradiation (E γ = 1.33, 1.17 MeV) will experience a combination of surface and bulk defects, and are expected to have similar effects as SiPMs irradiated with electrons or positrons.
Matsubara and co-authors in Ref. [29] have irradiated a prototype SiPM from Hamamatsu (Type No. T2K-11-100C) under bias up to 240 Gy of 60 Co γ-rays and measured the dark current, dark-count rate, gain, and cross talk. Whereas gain and cross talk did not significantly change with dose, large darkcount pulses and localized spots with leakage current along the outer edge of the active region and the bias lines were observed for about half an hour after irradiation for doses above 200 Gy. Renker commented in Ref. [30] that very likely this effect was caused by accumulated and stationary charges at the Si-SiO 2 interface generated by the breakup of SiO 2 molecules. The authors also observed that immediately after powering the SiPM had large dark counts with an amplitude corresponding to a signal of more than 10 photo-electrons. After a couple of minutes, all signals with large amplitudes and most of the dark current disappeared. This phenomenon reappears after power cycling the device to zero and back to operating voltage.
The study was extended to higher doses by Lombardo et al. in Ref. [31] , where SiPMs from ST Microelectronics (400 pixels, 0.64 mm 2 active area, 0.47 fill factor) were irradiated with a 60 Co source to 0, 10, 136 Gy, and 1.3, 9.4 kGy. Currentvoltage and transient characteristics were recorded. Single photo-electron peaks are visible in the integrated spectrum up to 136 Gy. Above 1 kGy the noise increase is such that no structure can be distinguished in the pulse-height spectra, so the gain of the device can no longer be measured. The increase of dark current, dark count rate and cross talk as function of the dose is shown in Fig. 12 . The authors explain that the method used to determine cross talk, using the fraction CT (%) ∼ DC 1.5 DC 0.5 × 100 may not be suitable for doses larger than 1.3 kGy. The measurement of dark count rate at 9.4 kGy may also be affected by saturation due to the method used, namely to count pulses above a certain threshold in a one second long transient. For a recovery time τ = R q C pix ∼ 100 ns, the counting method is supposed to saturate at about 10 7 counts/sec, and this is the order of magnitude reached after 9.4 kGy. The increase of dark counts for the highest dose measurement of Matsubara et al. agrees qualitatively with the trend presented in Ref. [31] (orange star in Fig. 12) .
In Ref. [30] it is reported, that several SiPMs have been irradiated up to 500 Gy by a 60 Co-source without applying a bias voltage during irradiation. No evidence for large pulses has been found after the irradiation. In Ref. [33] , in which the radiation hardness of Hamamatsu SiPMs was investigated, footnote 1 states: "An early irradiation test on SiPMs using a series of high activity 137 Cs-sources in Jefferson Lab showed that SiPMs are insensitive to electromagnetic radiation and there was no 11 cm −2 and 3.8·10 12 cm −2 and observed a large increase in dark-count rate and a decrease in effective gain, see Ref. [34] . After irradiation the single photo-electron peaks are still visible as demonstrated in Fig. 13 . Surface effects were deemed responsible for the observed shift in the pedestal position, as consequence of the increase in leakage current. The SiPM response to a medium-intensity laser light was investigated. A progressive reduction of signal charge is observed as a function of the irradiation dose. The paper does not attempt to disentangle the effects of decrease in gain, PDE in the single pixel or increase of pixel occupancy. A similar study was conducted in Ref. [35] , using 28 MeV positrons with fluences up to 8·10 10 cm −2 . PDE, gain, dark current and dark count rate were measured at room temperature as a function of bias voltage before and 2 days after irradiation. No change of the PDE and gain were found. As in the other publication the dark current and counts are shown to increase as function of dose. The authors introduce a new variable to quantify the effect of radiation damage on the dark count rate (DCR):
where A is the active area of the device, and the PDE is calculated at 515 nm. By plotting ∆DCR norm vs PDE, the authors ar- Figure 14 : Increase of dark count rate after irradiation, normalized to active area and PDE as expressed in Eq. 5 and plotted vs the PDE of several SiPM irradiated with 28 MeV positrons to Φ = 8 · 10 10 cm −2 . The variable labeled ∆N norm on the y-axis is the asme as defined in Eq. 5. Plot taken from Ref. [35] .
gue that one can recognize devices with similar depletion layer thickness, and that good quality SiPM should have small PDE dependence of ∆DCR norm (labeled ∆N norm in Fig. 14) . Unfortunately, due to lack of information it is not possible to extract the same quantity from other electromagnetic irradiation results so that the comparison between positron, electron and gamma radiation damage effects remains purely qualitative.
Bulk radiation damage -hadrons
SiPMs have been irradiated by several groups with neutrons [36, 33, 37, 38, 39, 25, 40, 41, 42] and protons [43, 44, 45, 46, 47, 34] , and their properties investigated. In this review we combine results on hadron irradiation without distinguishing particle type, since no dedicated studies have been performed so far on SiPMs on this topic. Fluences are quoted in 1 MeV neutron equivalent, according to the NIEL scaling explained in Sec. 2.1. We group the studies in two categories: Medium-fluence irradiations, up to Φ eq ≈ 10 12 cm −2 , and highfluence irradiation to higher fluences. For medium fluences the majority of the studies report no significant change in SiPM parameters V bd , R q , C pix , PDE, gain. Whereas, dark current (DC) and dark count rate (DCR) significantly increase proportionally to the fluence. For high fluences, Φ eq > 10 12 cm −2 , also other parameters are affected; but most importantly, the methods to determine the parameters are strongly affected by the high dark current and their limitations need to be discussed carefully.
Effects on R q , C pix , V bd
The values of R q , C pix can be extracted from impedancefrequency scans below breakdown, both before and after irradiation. In Fig. 15 results are presented exemplary for KETEK SiPMs irradiated with neutrons. These plots are an extension to higher fluences of the analysis already published in Ref. [28] . From the C-V measurements below the breakdown voltage, which were taken at 25 frequencies between 100 Hz and 2 MHz, the SiPM electrical parameters have been determined using a simple R-C model. It is found that the value of C pix neither depends on temperature nor on neutron fluence, whereas the value of R q increases for Φ eq > 10 12 cm −2 . As expected for a poly-Si resistor, R q increases with increasing temperature. Ref. [47] shows similar results for proton irradiation up to Φ eq = 2 · 10 10 cm −2 . In the absence of single-photon counting capability the turnoff voltage cannot be extracted from the linear relation between the excess bias voltage and the gain, G = C pix (V bias − V bd )/q 0 7 . I-V measurements are use to determine V bd in this case. It is recommended to use I-V measurements taken under illumination of the SiPM with a source of light, either pulsed or continuous, and to apply a simple quadratic interpolation to the minimum of the inverse logarithmic derivative of the current, or analogously to the maximum of the logarithmic derivative. This procedure is stable against observed changes in the I-V dependence of dark noise below breakdown before and after irradiation possibly due to surface current, and also against the large uncertainty in the current measurement, which may affect I-V below breakdown at low temperatures or for low fluences.
One should keep in mind that the observable obtained with the I-V method, is not the same as that obtained from gain vs voltage linear regression [48] . In the first case the turn-on voltage for the Geiger avalanche is measured (the breakdown voltage), whereas the former gives access to the turn-off voltage, which is the voltage relevant for the gain calculation in SiPMs. The two values can be significantly different, and it is not known if they both react to radiation damage in the same way. 7 More correctly this expression should read G = (C pix + C q )(V bias − V o f f )/q 0 , taking into consideration the difference between the turn-on voltage for the Geiger avalanche (the breakdown voltage), and the turn-off voltage demonstrated in Ref. [48] . Ref. [39] presents the first evidence of a V bd shift due to radiation damage. Hamamatsu SiPMs exposed to high-fluence proton irradiation, Φ eq = 6 · 10 12 − 2 · 10 14 cm −2 , show a linear increase of V bd with fluence, up to 4 V. Fig. 16 presented in Ref. [49] shows V bd constant within uncertainties up to Φ eq = 5 · 10 13 cm −2 and a possible increase of 300 mV after Φ eq = 5 · 10 14 cm −2 for KETEK SiPMs. The difference in the magnitude of the V bd shift could be explained by the difference in the multiplication layer width. For Hamamatsu SiPM the multiplication layer is wider (d ∼ 2 µm) than for KETEK SiPMs (d ∼ 1.2 µm). It appears that thinner multiplication regions are less sensitive to breakdown voltage shifts by radiation damage. This could be linked to electric charges creation inside the depleted volume. If one assumes uniform acceptor generation during irradiation, the V bd shift should be proportional to the square of the depletion depth, as proposed in Ref. [50] for breakdown voltage shifts in APDs.
Effects on I dark and DCR
Up to Φ eq ≈ 10 10 cm −2 the typical increase of dark current is by a factor 30-100, confirmed by various studies on different devices. Cibinetto et al. [37] have irradiated samples from various producers with neutron fluences up to Φ eq = 6.2 · 10 9 cm −2 , and show that the relative increase in current is independent of the pixel size despite the significant higher current values for larger pixel size or capacitance (see Fig. 17 ). Quiang et al. [33] present a linear correlation between dark current and dark count rate, expected if one assumes that all the dark current is generated by carriers that traverse the multiplication region initiating a Geiger discharge:
Note that in the absence of correlated noise (cross-talk and afterpulse) ECF = 1. For SiPMs typically ECF < 1.2, with values increasing as a function of the excess bias voltage. Fig. 11 demonstrates that the assumption that ECF is independent of fluence is justified for medium-fluences. For high-dose irradiation the SiPM current can easily exceed hundreds of microampere 8 also when cooling the device below zero degree. These high currents can cause a local warm up of the pixel. The pixel temperature as function of I dark is hard to estimate, but a current-induced temperature increase could possibly be responsible for a change in V bd as function of fluence.
For non-irradiated SiPMs the DCR is often determined from the assumption of Poisson distributed dark count signals in a time interval t gate (e.g. the width of the gate), as:
with P 0 the fraction of events with pulse areas corresponding to N pe < 0.5. In irradiated SiPM this method can no longer be applied due to the loss of single photon resolution. Other methods have been tested and should be investigated more thoroughly. In Ref. [25] the DCR of irradiated SiPM is scaled from the DCR before irradiation using the ratio of the dark current:
However, this relation holds only under the assumption that gain and ECF are unchanged after irradiation, which has been confirmed in Fig. 11 for Φ eq ≤ 10 12 cm −2 . Another method is to define the DCR from the rms of the charge spectrum obtained with no illumination, σ 0 . An often used definition is:
∆t .
If σ 0 has the units of charge it should be divided by q 0 G to obtain the DCR in units of counts/second. This approximation does not take into account the non-Poisson distribution of the SiPM signal. The time interval ∆t is sometimes taken to be the integration gate, with no further assumption on its relation to the signal shape, which may not be correct in case of short gates. Following the derivation presented in Ref. [27] the relation between DCR and σ 2 0 for the simple case of a SiPM signal 8 Note that as a consequence of the significant current increase the bias voltage applied to the SiPM, V bias , must be calculated correcting the power supply voltage V PS by the voltage drop over the series resistance of the biasing circuit, V bias = V PS − I leak · R. Where R is a value specific for a given set-up. This can cause voltage drops of several volts depending on the circuit for current values in the range of mA.
with one recovery time component τ = R q C pix is:
. (8) where the expression in brackets comes from the variance of the distribution of N DC dark photo-electron pulses in a time interval ∆t 1 , defined such that N DC = DCR · ∆t 1 . In the case of a signal much shorter than the integration gate, τ << t gate , the expression in brackets simplifies to t gate . For more complex signal shapes another expression needs to be derived. The Excess Charge Factor (ECF) is defined in Eq. 4 and the Excess Noise Factor (ENF) is defined as:
To extract DCR from Eq. 8 for an irradiated SiPM requires the assumption that gain and correlated noise are not affected by radiation damage. In addition, it is assumed that the signal shape does not change significantly after irradiation, otherwise different gate lengths may be needed for measurements before and after irradiation. Fig. 18 shows a very preliminary study comparing DCR values obtained using Eq. 6 and Eq. 8 on the same SiPM. For fluences between 10 11 cm −2 and 10 13 cm
the agreement is reasonably good. For the highest fluence of Φ eq = 5 · 10 13 cm −2 a saturation effect is observed in the transient RMS method, due to high pixel occupancy. This effect is not implemented in the analysis yet. The DCR data obtained from transient measurements are affected by about 30% correlated systematic uncertainties so that at this point it is only possible to say that the shapes are well in agreement, but the absolute values are subject to further investigations. Several of the assumptions still have to be verified, an example is the possible effect of an increase in after-pulsing and late cross-talk, which may mean that the ENF and ECF are different between a 100 ns gate and the current measurement (infinite gate length). 
Effects on signal, PDE, gain
As already argued, generally in irradiated devices the PDE and gain cannot be directly measured due to the noise increase. With the analysis of the normalized photo-current as presented in Fig. 11 , one can determine the product PDE(Φ) G(Φ) ECF(Φ). As long as R = I norm photo (Φ)/I norm photo (Φ = 0) = 1 it can be argued that the three parameters have not changed as a consequence of irradiation. In Fig. 19 from Ref. [40] , R is presented for a KETEK SiPM operated at -30
• C after neutron irradiation to Φ eq = 5 · 10 13 cm −2 . Whereas, be- Figure 19 : The normalized LED photo-current of a non-irradiated SiPM and a SiPM irradiated to Φ eq = 5 · 10 13 cm −2 . The KETEK SiPM is operated at -30 • C. From Ref. [40] low breakdown R is still close to unity, it drops rapidly from 1 to 0 above V bd . This indicates that one or more parameters are affected at this fluence. A possible explanation is that the PDE decreases due to an increase of pixel occupancy. The same argument was also offered by Angelone et al. in Ref. [51] to explain a signal reduction of SiPM irradiated with neutrons to 7 · 10 10 cm −2 . The pixel occupancy due to dark counts is the probability of a Geiger discharge inside a pixel in a time interval ∆t. Using ∆t = τ = R q (C pix + C q ) ≈ τ = R q C pix is justified for SiPMs without a large fast component (a large C q parallel to R q ). Then for a device with N pix pixels one obtains [25] :
The first equation shows that for η DC = 1 the current over the quenching resistor is equal to the excess bias voltage, so the voltage is always at V bd and the SiPM never recovers. For very high DCR, pulses may often occur in a pixel in which the voltage is not fully recovered from a previous discharge, i.e. at an effective lower overvoltage resulting in a smaller gain. This effect may lead to a signal reduction after irradiation. In the second part of Eq. 10, I dark is substituted using Eq. 6 and the proportionality to the DCR is made explicit. The values of η DC measured on SiPMs irradiated with neutrons to Φ eq = 1 · 10 11 − 5 · 10 14 cm −2 are shown in Fig. 20 . The value of η DC increases linearly with fluence, and exceeds 1% at Φ eq > 10 12 cm −2 , for ∆V > 2 V and T = −30
• C. For a high pixel occupancy a large number of pixels does not recover within the time of the signal and is not available to detect photons, consequently the effective PDE is reduced. It is expected that the signal of the SiPM in response to low intensity of light will decrease at least by the same amount, if no additional effects contribute. One should note that the value obtained with this method is an average pixel occupancy and that the deviations between pixels can be very large as already discussed when quoting the work by Barnyakov on digital photon counters, [21] . Figure 20 : The values of η DC for SiPM irradiated with neutrons to Φ eq = 1 · 10 11 − 5 · 10 14 cm −2 . The measurements are performed at -30 • C. For fluences larger than Φ eq = 10 12 cm −2 the pixel occupancy is larger than 1% at the operating voltage, and therefore a reduction of the effective PDE is expected. In Ref. [25] , V bd is determined using the inverse logarithmic derivative of the current, and V ex = V bias − V bd .
Alternatively, the parameters of irradiated SiPM can be measured from the response to a pulsed light signal (LED or laser) of sufficiently high intensity to be separable from the increased noise. For a pulse of fixed light intensity the integrated SiPM charge follows a distribution with mean Q and variance σ 2 Q (see Appendix A). The PDE is the ratio between mean number of photons photons initiating primary Geiger discharges, N pG , and the average number of photons impinging the photodetector surface N γ . The value of N pG can be determined in various ways (see Eq.s 20, 21, 22) each depending on a different assumption. Often used is Eq. 22,
where the variance measured in dark conditions is already subtracted from the variance of the light signal:
. In Ref. [47] , results for PDE * for SiPMs from various producers are compared before and after irradiation with protons to Φ eq = 2 · 10 10 cm −2 . Relative changes in PDE * are below the 10% level despite the significant increase of I dark and DCR.
The effect of high-fluence proton irradiation is reported in Ref. [39] . In Eq. 11 the mean number of photo-electrons is directly derived from the amplitude and width of the signal response to a known N γ . Note that this formula only holds under the assumption of Poisson distributed light intensity, which for instance for laser light of low intensity could become an issue, and for LED pulsed light requires the stability of the pulse generator to be of order 0.1%. In addition, the light intensity should be low to avoid effects of SiPM non-linearity, and the readout system (preamplifier, ADC, ...) must be linear and have no saturation effects. In Ref. [39] it is argued that the observed decrease of this quantity indicates a PDE * decrease by 25% after Φ eq = 2.2 · 10 14 cm −2 . For the same fluence the signal response to LED light, Q decreases by 50%. The PDE * reduction can be explained with the pixel occupancy mechanism, but the additional signal loss must have another origin. Like the photo-current, also the signal is proportional to the product PDE(Φ) G(Φ) ECF(Φ). To explain the large observed signal reduction either the gain or the ECF must reduce as well.
A possible additional effect not affecting the pixel occupancy is the decrease of gain. As argued in Ref. [39] , self-heating effects at the pixel level could cause a local breakdown voltage change for the hot pixels. The exact temperature inside the discharging pixel is not easily measurable, but possibly local temperature increase could change the pixel breakdown voltage with respect to the V bd value obtained from I-V measurements. A possible way to further investigate this effect is to compare the three definitions of N pG given in Appendix A, which have different dependencies on the gain (none, first order and quadratic) and therefore may be more sensitive to gain changes. New methods to quantify the gain for irradiated SiPMs would also be beneficial.
Annealing effects
Several groups have measured the effect of thermal annealing on irradiated SiPMs. Nakamura et al. [36] investigate SiPMs irradiated with neutrons up to Φ eq ≈ 10 12 cm −2 , and demonstrate that the single photon detection capability is lost immediately after irradiation, but up to Φ eq ≈ 10 10 cm −2 it recovers after about two months of room temperature annealing. This selfannealing effect is also reported in Ref. [37, 45, 34] .
Quiang et al. [33] further investigated the temperature dependent annealing on SiPMs irradiated to Φ eq = 3.7 · 10 9 cm −2 . They confirm a self-annealing time constant of about 10 days at room temperature, and show an exponential decrease of the annealing time constant with increasing temperature in the range of -5 / +60
• C. Tsang has presented results of annealing at +250
• C, using forward bias with the SiPM current reaching 10 mA, [26] . A remarkable effect of this high temperature annealing is demonstrated in Fig. 21 . Single photo-electron resolution was recovered after this procedure for devices irradiated up to Φ eq = 10 12 cm −2 with cooling them to about -50 • C. Still the dark current before irradiation cannot be completely recovered even after days at the annealing conditions. Gotti at al. have recently published a study [52] of SiPMs irradiated with neutrons up to Φ eq = 10 14 cm −2 and demonstrated that single photo-detection with a DCR below 1 kHz is possible after this fluence if the devices are annealed for several days at 175
• C, and subsequently operated at cryogenic temperatures (-77
• C).
Radiation damage of avalanche photodiodes
Avalanche photodiodes (APD) have been established as photo-detectors few years before SiPMs were developed and have been investigated in great detail. Most of the studies of radiation damage in APDs were performed for their application in the electromagnetic calorimeter of the Compact Muon Solenoid (CMS) experiment at the Large Hadron Collider (LHC) [53] . Analogously to a SiPM, the principle of operation of an APD is based on the conversion of the energy of the absorbed photons into electron-holes pairs in silicon diodes and their multiplication through an avalanche process [54] . The diode has a region with electric field of 1.5-2.5·10 5 V/cm (so lower than the field required for a SiPM to reach Geiger mode) where electrons (or holes) are accelerated and acquire a kinetic energy large enough to create additional electron-hole pairs via impact ionization. The breakdown voltage is (in contrast to SiPMs) the maximum voltage that can be applied to an APD. The effect of radiation in silicon APDs is very similar to that in silicon diodes operated without gain [55] . However, there are several important differences related to their operation as photo-detectors with internal gain. It is relevant to give a short review on APDs radiation hard studies, which may prove valuable to interpret results on SiPMs. In the following we report separately on studies performed irradiating APDs with photons and hadrons.
Radiation damage by gammas
The effect of the gamma radiation has been studied in [56] . There it has been established that APDs, which had a front window made of SiO 2 , show a decrease of the quantum efficiency in the short wavelength region after gamma irradiation, while the photosensors, with a Si 3 N 4 window, show no change in the quantum efficiency after exposure to a dose of 55 kGy. More than 3000 CMS APDs were irradiated with 60 Co source up to 2.5 kGy gamma dose [55] . A dark current increase of ∼150-500 nA was measured after irradiation at the operating voltage (corresponding to G = 50). The origin of this current was associated to damage in the APD dielectric layer, as it had only a weak dependence on the APD gain. The maximum operating voltage, corresponding to the breakdown voltage was in the range of 430-440 V before irradiation, and was reduced by 4-30 V for approximately 0.7% of the irradiated APDs. The other APDs presented no effect of breakdown voltage decrease.
Radiation damage by hadrons

Dark current, QE and gain
An extensive series of studies of the APD resistance to hadron radiation has been carried out by different groups participating in the CMS collaboration. These studies have been performed utilizing reactor neutrons, a spallation neutron source, a 252 Cf source, and a proton beam (see Ref. [55] and Refs. therein). Fig. 22 shows the increase in the bulk current as a function of the neutron fluence [57] . The parameter "bulk current" or "generation bulk current" was introduced in this paper because it was found that the ratio of dark current and gain is almost constant in a wide range of gains (G > 10). The bulk current is defined as the dark current divided by the APD gain (G = 50 in this case). It can be noticed that the bulk current grows linearly with the fluence, as for diodes. When trying to compare the damage parameter α for APDs and diodes (see solid line in Fig. 22) , it was observed that the volume of the APD contributing to the dark current generation is smaller than the geometrical volume obtained multiplying the active area by the depletion depth (for Hamamatsu APDs: A = 25 mm 2 , L dep = 50 µm). This is because the carriers generated throughout the depletion region in a device with multiplication do not all contribute the same to the total dark current. The correct formalism to describe the noise generation in a device with multiplication gain was developed by McIntyre in Ref. [58] . In Ref. [59] the concept of an effective thickness of the APD, L e f f was introduced for simplicity. It is found that the contribution to the bulk current is generated by a region with L e f f ≈ 5 µm, compared to the depletion thickness of L dep = 50 µm. The same effect is also relevant when discussing the region contributing to the dark current of a SiPMs.
In Ref. [59] two APDs from EG&G with different depletion region thicknesses, 196 and 243 µm, and one APD from Hamamatsu, with depletion region thickness, ∼50 µm, were irradiated to Φ eq = 2.33·10 13 cm −2 . The quantum efficiencies of the investigated EG&G APDs remained unchanged over a wide range of wavelengths. The Hamamatsu APD showed a significant decrease of quantum efficiency (by 10-40 %), especially for short wavelengths, as shown in Fig. 23 . In Ref. [59] it was Figure 23 : Quantum efficiency losses vs. wavelength after irradiation (G = 19, T = 25 • C), after irradiation to Φ eq = 5 · 10 14 cm −2 and several years of annealing at room temperature. Plot from Ref. [60] .
observed that the curves of gain as a function of bias voltage for the EG&G APDs after irradiation are shifted compared to those before irradiation (see Fig. 24 ). This effect is related to a change of the doping concentration inside the depletion region of the APD due to the creation of acceptor-like states [50] , that caused the APD breakdown voltage increase. The gain as a function of bias voltage for the Hamamatsu APD remained unchanged after irradiation, probably due to a thin depletion region (∼50 µm). The CMS ECAL APDs (produced by Hamamatsu) were irradiated up to Φ eq = 5 · 10 14 cm −2 [60] . Dark current and gain vs. bias dependences were measured at T = 25
• C, 15
• C and 5
• C after several years of annealing at room temperature. The gain vs. bias and QE vs. wavelength dependences were compared with that of non-irradiated APDs. The main results of the study are:
• APDs are still operational as light detectors with G > 15 also without cooling;
• The dark current increases linearly with fluence. After Φ eq = 5 · 10 14 cm −2 , and for G = 10 and T = 25 Fig. 25 using Eq. 12.
• The dark current can be significantly decreased by reduction of temperature (∼2.2 times per 10
• C, consistent with the temperature dependence of leakage current in diodes, in the absence of strong fields) − For SiPMs the reduction of dark current with temperature is weaker.
• QE losses of 20-50% were found for the 350-500 nm wavelength range (see Fig. 23 ) − Similar measurements are not available for SiPMs;
• The gain at a fixed voltage was reduced due to doping profile change, caused by creation of acceptor-like states in the APD depleted region. The problem can be solved by ∼30 V bias voltage increase − This effect is qualitatively consistent with the shift in V bd observed in SiPMs;
Annealing studies
The recovery of the dark current can be described [57] as a sum of exponentials, each exponential being attributed to the recovery of one defect with its proper recovery-time τ i and its weight g i : Fig . 25 shows the recovery of the dark current of an APD irradiated to Φ =2.7·10
12 (E=72 MeV) protons/cm 2 . The measurements were done at G = 50 and at room temperature. The measurements started 10 min after irradiation. Table 4 .2.2 shows the decay-times and the weights of the various components fitted from these data points.
Several other APDs have been irradiated with neutrons. They show similar annealing behaviors (see Ref. [57] ).
Approaches to develop radiation harder SiPMs
There are several factors limiting the operation of SiPMs in high radiation environment:
• dark noise increase due to deep level defects produced by radiation in silicon bulk;
• high cell occupancy due to high generation-recombination rate and limited cell recovery time causes a reduction of SiPM gain and PDE;
• large leakage current results in increase of the p-n junction temperature and high power consumption;
• increase of the SiPM breakdown voltage due to induced changes in doping concentration;
• reduction of the SiPM photon detection efficiency due to damage in dielectric-silicon interface and charge trapping in non-depleted entrance layer;
Next we discuss approaches to overcome these limitations.
Dark noise reduction
The main problem for the optimization of radiation tolerance of the SiPMs is presented by the increase of DCR. The main sources of the DCR increase are:
• surface current reaching the multiplication region;
• diffusion from the non-depleted bulk;
• defect-induced generation in the depletion region.
Dark noise generation in SiPMs can be reduced by
• avoiding that surface current reaches the multiplication region;
• reducing diffusion from the non-depleted bulk;
• optimizing the field in the depletion region, "field shaping".
This last point can be achieved by:
• reducing thickness of the depleted region;
• reducing trap-assisted tunnelling (reducing peak electric field in the SiPM p-n-junction).
Unfortunately these two approaches contradict each other: a reduction of electric field requires wider avalanche and depletion regions. A special R&D has to be performed to find an optimum (compromise) between these two approaches.
Cell occupancy reduction
The cell occupancy reduction can be achieved by reducing the cell active volume (smaller cell size) and cell recovery time.
However SiPMs with high cell density have large non-sensitive zones (cell separation regions, area occupied by polysilicon quenching resistors which are almost non-transparent). 
Breakdown voltage increase minimization
The SiPM V bd increase with irradiation strongly depends on the thickness of the depletion region. It can be reduced by reducing this thickness. SiPMs with low V bd value have significantly smaller V bd increase after hadron irradiation [37, 39] .
Reduction of the damage in SiPM entrance window
The SiPM entrance window material has to be chosen appropriately for radiation hard applications, i.e. avoiding materials with hydrogen or boron content. The thickness of the SiO 2 layer has to be properly adjusted taking into account surface effects. The thickness of non-depleted region near the SiPM entrance window has to be minimized to reduce nuclear effects in its volume.
Detailed and possibly realistic simulations of SiPMs should be performed in order to optimize the SiPM designs for specific applications. For this purpose information is still missing:
• Fluence dependence of relevant parameters: mobility and multiplication coefficient as function of doping; field enhanced generation of traps,
• more systematic measurements of SiPM parameters,
• microscopic measurements on defects (can defect engineering help?).
The outcome of the optimization will depend on the targeted wavelength and the expected operation temperature for the SiPM.
Conclusions
This review is an attempt to summarize the current knowledge of radiation damage of SiPMs, a complex multi-parameter problem that recently has attracted large attention in the SiPMs users community. The main issue with irradiated SiPMs is the increase of dark count rate, which at some point also affects other SiPM parameters. Due to the increased DCR, the single photo-electron separation from noise is lost already at relatively low fluences Φ eq ∼ 10 10 cm −2 . This limit depends on many factors related to the SiPM design and the operation conditions, so it should be tested for each specific application. The DCR also affects the pixel occupancy, which if no longer negligible yields to PDE reduction.
Once single photo-electrons can no longer be resolved, many characterization methods used for the investigation of nonirradiated SiPM parameters fail. Some recently developed characterization methods are presented in this review. We tried to spell our the assumptions made by each method. They all still need further testing and validation on larger sets of data. It is reported that SiPM parameters like R q , C pix , V bd , G, ECF, ENF, PDE for Φ eq < 10 12 cm −2 , whereas above this fluence changes are observed. Again this limit is SiPM design and temperature dependent. A proper quantification of the fluence dependence of the individual parameters requires further dedicated experiments. Also the annealing state of the SiPM is important to define limits on the operation range. Annealing studies indicate the possibility to recover single photo-electron resolution at least for operation at low/cryogenic temperatures.
An optimization of the SiPM design for operation in high radiation environment is not yet available and lacks still dedicated experimental input. Further effort in this field is strongy encouraged.
A. Statistical treatment of SiPM signal
The statistical treatment of SiPM signals is presented in several papers, notable are among other Ref. [62, 63, 64] .
Given a Poisson distribution of impinging photons on the SiPM, its response does not follow a Poisson distribution due to its correlated noise. A generalized Poisson formalism is used often to account for in-time correlated signal generation (prompt cross-talk). But SiPMs are also affected by late correlated noise such as delayed cross-talk and after-pulses. We report here some useful definitions related to the treatment of SiPM signals and relevant for the formalism in this paper.
The charge distribution of a SiPM integrated in a time t gate , is characterized by the first moment Q and the second central moment or variance, σ 2 Q = Var Q = E[(Q − Q ) 2 ]. In the following the variables Q , and σ 2 Q will be used for the mean and variance of the charge distribution. Another often used distribution to characterize SiPMs is that of the number of measured Geiger discharges with mean N pe and the variance σ 2 pe . The distributions of charge and number of measured Geiger discharges, or photo-electrons, are linked by the relations:
The definition of the Excess Charge Factor (ECF) (Eq. 4) relates the mean charge to that of the primary Geiger discharges (Poisson distributed):
with N pG = µ being the mean number of primary Geiger discharges with σ pG = N pG . The Excess Noise Factor (ENF) relates the variances of the two distributions (Eq. 9):
We note that for the Generalized Poisson distribution GP(k; µ, λ) = (µ · (µ + k · λ) k−1 · e −(µ+k·λ) /k!, ECF = ENF = 1/(1 − λ) [62] .
Substituting Eq. 15 in Eq. 13, and Eq. 16 in Eq. 14 one gets:
From Eq. 17 and Eq. 18 the gain factor (G) is obtained as:
Eq. 19 can be used when a SiPM does not provide single photoelectron resolution, as for instance after radiation damage.
For the analysis of light signals, the mean number of primary Geiger avalanches, N pG can be determined in two different ways using either Eq. 17 or Eq. 18:
Combining Eq. 15 in Eq. 16 a third independent definition is:
where mean and variance can be taken consistently from the distribution of charge, number of photo-electrons or even ADC channels with no need of further calibration, since additional conversion factors cancel in the ratio.
